The morphology, the motility, and the biochemical structure of the spermatozoon have often been correlated with the outcome of in vitro fertilization and have been shown to be the sole parameters of the semen analysis in predicting the success of intracytoplasmic sperm injection and intracytoplasmic morphologically selected sperm injection. In this context, digital holography has demonstrated to be an attractive technique to perform a label-free, noninvasive, and high-resolution technique for characterization of live spermatozoa. The aim of this chapter is to summarize the recent achievements of digital holography in order to show its high potentiality as an efficient method for healthy and fertile sperm cell selection, without injuring the specimen and to explore new possible applications of digital holography in this field.
Introduction
Following the advent of human in vitro fertilization [1] , much attention has been given to understand both the spermatozoa morphological alterations and the kinematics/dynamics of the swimming spermatozoa [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . In fact, semen analysis is commonly employed both in human and in the zoo-technic field. In the first case, the analysis is mainly applied to study the couple's infertility or to confirm success of male sterilization procedures. Moreover, several studies have shown that for infertile men, the risk for developing a testicular cancer is slightly higher-than-average. So, independently of the will to have children, male fertility is a good indicator for general health. On the other hand, in the zoo-technic field, animal semen analysis is commonly used in animal production laboratories and reproductive toxicology.
The main requirements for the development of techniques used for an accurate semen analysis are the following:
• avoid any alteration of the health of the spermatozoa under test;
• use a label-free approach to eliminate all adverse effects of the probe labeling;
• obtain results independent on the technician's experience and/or the laboratory environmental conditions (such as temperature, humidity, and duration).
The sperm cell is almost transparent in conventional bright field microscopy, as its optical proprieties differ slightly from the surrounding liquid, generating little contrast. On the other hand, a light beam that passes through a spermatozoon undergoes a phase change, in comparison with the surrounding medium, the amplitude of which depends on the light source, the thickness, and the integral refractive index of the object itself. A qualitative visualization of this phase contrast may be obtained by contrast interference microscopy (phase contrast or Nomarski/Zernicke interferential contrast microscopy). However, it is difficult and timeconsuming to obtain a quantitative morphological imaging. In fact, a fine z-movement of the biological sample is required in order to acquire a collection of different planes in focus. This collection of acquired images is used in postelaboration to produce a 3D image of the object under investigation [12] . The same approach has been used to obtain information about sperm motility. Nevertheless, this 2D intrinsic analysis implies a partial in-plane representation of the motility features due to difficulty to track the 3D spatial motion of spermatozoa that quickly move out of focus. In order to overcome these intrinsic limitations, several approaches have been recently developed. In this contest, the optical approaches are deeply investigated.
In particular, over the last few years, holographic imaging in microscopy has been established as a valid noninvasive, quantitative, label-free, high-resolution, and phase-contrast imaging technique. So this chapter tries to summarize the state-of-art on the semen analysis and recent achievements obtained by a holographic imaging [13] [14] [15] [16] [17] . We will show that the unique potentialities of the holographic imaging have been used to provide structural information on both the morphology and the motility of sperm cells [18] . Moreover, the combination of the holographic technique with others approaches, such as the Raman spectroscopy, will be described, too. In fact, spermatozoa from infertile men could present a variety of alterations (such as alterations of chromatin organization [19] , aneuploidy [20] , and DNA fragmentation [21] ) that can decrease reproductive capacity of men. Current methods of DNA assessment are mainly based on fluorescence microscopy, and thus samples are unusable after the analysis [22] [23] [24] [25] .
Therefore, the ability to simultaneously analyze, in a nondestructive and noninvasive way, both the morphology and biochemical functionalities of the spermatozoa could bring greater understandings [26] . Thus, the chapter will allow a bird's-eye view into the potentiality of the semen analysis performed by means of the holographic imaging, showing that this approach is extremely important for the intracytoplasmic sperm injection (ICSI) procedure, where it is highly required the development of a method that allows characterizing and directly select the best spermatozoon to inject into the oocytes [9, 27] .
Principle of the holographic imaging
An optical field consists of amplitude and phase distributions; if this field interacts with the object under test, the morphology of the object alters the phase distribution. The holographic approach employs the interference between two optical beams to transform the phase information (i.e., the morphological information) into a recordable intensity distribution [28] . A sketch of an experimental set up for holographic imaging is shown in Figure 1 . It consists in a coherent laser beam splits into a reference and an object beam.
The object beam intensity is always set well below the level for causing any damage to the spermatozoa structure and functionality. A microscope objective lens is used to collect the object beam. The reference and the object beam are then recombined by a beam splitter onto a CCD (Charge-Coupled Device) or CMOS (Complementary Metal-Oxide Semiconductor) detector, which acquires the interference pattern. According to the angle θ between the reference and object beams, either on-axis (θ = 0°) or off-axis configuration can be adopted. Besides, the hologram of the sample under investigation, a second hologram is acquired on a reference surface in proximity to the object in order to numerically compensate all the aberrations introduced by the optical components, including the defocusing due to the microscope objective. The image reconstruction In an on-axis configuration, unless a partially coherent light is adopted that allows reducing the speckle and multi-reflection interference noise [29] , all terms are superimposed. Thus, in order to recover only the real image, i.e., an exact replica of the object wavefront, either a spatial or temporal phase-shifting methods has to be employed. However, in this way the complexity and capture time increase [13] . On the other hand, by introducing a small angle between the object and reference beam (off-axis configuration), a spatial separation between the three terms is obtained, at the expense of suboptimal use of camera sensor space-bandwidth product. Thus, this separation allows selecting and retrieving only the real image. The possibility offered by DH to numerically retrieve the phase distribution of the object wavefront allows not only the possibility to evaluate the object morphology but also to remove and/or compensate the unwanted wavefront variation (such as optical aberrations and slide deformations) [30] [31] [32] .
Morphological imaging
Coppola's group [33] investigated the possibility to better understand the sperm behavior by means of a quantitative analysis of the 3D spermatozoa's morphology. In particular, experiments on bovine sperm cells were performed. The recorded hologram is illustrated in Figure 2 , whereas the intensity of the fringe pattern generated by the interference between the object and reference beam is highlighted into the inset.
In Figure 3 , the reconstructed images of abnormal bovine spermatozoa are reported [33] . For the reported analysis, the spermatozoa were fixed and without the surrounding liquid. In particular, the retrieved image shown in Figure 3 (a) is relative to a spermatozoon with a cytoplasmatic droplet along the tail. Cytoplasm surrounding the sperm cell is accumulated during maturation, and it is extruded from the cell in the last phases of this maturation. However, cytoplasmatic residues may persist in the cell and, in particular, are retained in the tail as a droplet [34] . Thus, the presence of drops along the tail is connected to the degree of cell maturation and may indicate an excessive utilization of a donor.
In Figure 3 (b), an image of a spermatozoon with a bent tail is shown. Generally, when this defect is present in the semen either before or after the freezing process, the donor may be afflicted with a reproductive problem. On the other hand, if this anomaly appears with high frequency only in frozen semen, it can indicate that the spermatozoa have been subjected to hypoosmotic stress possibly due to an improper use of freezing extender and to an extremely low concentration of solutes. Finally, the reconstructed image of a spermatozoon with broken acrosome is illustrated in Figure 3 (c). In particular, the loss of acrosomal substances indicates premature acrosome activation far from the site of fertilization. This defect is present with high percentage in frozen semen samples due to incorrect sperm handling during the freezing process. The great advantage of managing quantitative information allows carrying out different numerical analysis, such as estimation area/volume, profiles along particular directions, and selection of different zones. The 3D analysis can add further information to the data provided by the traditional bi-dimensional optical techniques, allowing to better understand the relationship between the male infertility and the abnormal morphology. Due to this potentiality, the holographic approach has been also employed to analyze the human sperm characteristics [35, 36] . Crha et al. [35] tested about 3000 sperm cells to individuate a phase difference between spermatozoa in normo-zoospermia (NZ) and oligoasthenoteratozoospermia (OAT). Table 1 summarizes the obtained results in terms of mean, median, standard deviation (SD), and confidence intervals (CI).
The Dale's group performed a comparison between the results of spermatozoa analyzed both by a semiautomated digitally enhanced Nomarski microscopy (DESA) and by the holographic imaging [36] . In Table 2 , the values relative to five primary parameters (length, width, perimeter, area, and volume) for normal human spermatozoa are compared. Results shows that no significant differences were observed in the gross morphometric values of the sperm cells analyzed. It is important to note that the volume estimation could not be performed by the DESA technique. Due the great influence of nuclear vacuoles in the sperm head on the fertilization capacitance of sperm cell [9] , the volumetric analysis was performed to analyze vacuolated human spermatozoa. In Figure 4 (a), a conventional differential interference contrast (DIC) image of a vacuolated human sperm is reported. The holographic 3D reconstruction of the vacuolated spermatozoon is illustrated in Figure 4(b) . From this figure, it is clear that spermatozoa with vacuole had a reduced volume, and this reduction could be probably be due to variation of the inner structure of the sperm head with a loss of material. Table 3 summarizes the volumetric analysis carried out for three different groups of spermatozoa defined by the length and width of the head. Mean values of the total volume of the spermatozoa minus the vacuoles volume are also reported.
Memmolo et al. [37] proposed to use DH in order to identify and measure specific region-ofinterest of spermatozoa. Figure 5 shows some steps of the applied method that starts from a filtered version of the reconstructed spermatozoon image and is able to identify the head region. The proposed algorithm could be very useful to retrieve noisy holograms due to the impurity of the liquid surrounding the spermatozoa.
Tracking analysis
One of the main advantages of the holographic approach is the possibility to retrieve a quantitative 3D image by means of a numerical refocusing of only one bi-dimensional image at different object planes. Thus, the realigning of the optical imaging system with mechanical translation can be eliminated. This peculiarity enables the characterization of live specimen [38] , and in particular, to track the 3D spatial motion of spermatozoa that quickly move out of focus. The tracking approach allows estimating many quantitative parameters useful for a semen analysis [39] , such as: • curvilinear velocity (VCL), i.e., the total distance that the sperm head covers in the observation period;
• straight-line velocity (VSL), i.e., determined from the straight-line distance between the first and last points of the trajectory and gives the net space gain in the observation period;
• average path velocity (VAP), i.e., the distance the spermatozoon has traveled in the average direction of movement in the observation period;
• linearity (LIN): a comparison of the straight-line and curvilinear paths;
• wobble (WOB): a comparison of the average and curvilinear paths; and
• amplitude of lateral head displacement (ALH).
However, traditional techniques provide all these data as in-plane parameters. Conversely, the holographic approach allows adding 3D information about the trajectory followed by the sperm cells in a volume. This additional information can provide a better understanding of the sperm behavior and its relation with male infertility [40] . The 3D trajectories of human sperms across a large volume have been dynamically tracked by the Ozcan's group using a lens-free holographic approach [41] . The employed method generates the hologram by the interference of two components of the same light beam (in-line configuration). In particular, the holographic setup is composed of two partially coherent lightemitting-diodes (LEDs) at two different wavelengths that illuminate the sperms vertically (red wavelength) and obliquely at 45° (blue wavelength) [41] . The combination of these two different images allows determining the 3D location of each sperm. In Figure 6 , the 3D dynamic swimming patterns of human sperm evaluated by means of this approach are illustrated. In particular, the volume investigated was relative to a depth-of-field of about 0.5-1 mm and a field-of-view of >17 mm 2 . The results show that most part of sperm (90%) moves forward swiftly along a slightly curved axis. The remaining part of spermatozoa exhibit a helical trajectory with a noticeable movement along the z-axis (about 4-5%) or a hyperactivated 3D swimming with large lateral movements (<3%) or a hyperhelical pattern (about 0.5%).
By means of the observation of these trajectories on a large number of sperm cells (>1500), a statistic analysis on various parameters has been estimated; in particular, in Table 4 some of these parameters are summarized.
Furthermore, thanks to the high accuracy of the technique, the authors observed that among the helical human sperms, a significant majority (approximately 90%) preferred right-handed helices over left-handed ones, with a helix radius of approximately 0.5-3 μm.
A different approach has been proposed by Di Caprio et al. [42] . In particular, the authors used an off-axis set-up and the capabilities of holographic technique to retrieve in-focus images independently of the focal plane of the acquire image. Thus, in order to estimate the swimming trajectories of human sperm, a set of holograms was recorded, keeping constant the distance between the sample and the microscope objective. Each retrieved image is used to evaluate the X and Y coordinates of sperm cells, whereas to obtain the Z position, a numerical self-focusing function was applied on the reconstructed images [43] [44] [45] . It is worth noting that the possibility to keep constant the distance sample-objective, allows an in vitro volumetric field reconstruction, i.e., not possible with the traditional optical techniques. Authors applied this approach to estimate the swimming pattern of a spermatozoon with a bent tail. As shown in Figure 7 , this morphological anomaly causes a nonlinear out-of-plane motion.
Moreover, the authors reported the simultaneous tracking of five human spermatozoa, moving on a different focal plane (Figure 8) . From the trajectories displayed in Figure 8 , an anomalous one can be recognized (indicated by an arrow). In fact, while every other cell moves in parallel, the anomalous spermatozoon swims along a broken track and on a tilted direction. 
VCL [μm/s] VSL [μm/s] Linearity [μm/μm] ALH [μm]
Mean value 88.0 ± 28.7 55.7 ± 24.9 0.61 ± 0.21 5.4 ± 2.9 Table 4 . Mean values of some parameters related to the motility of human sperm: curvilinear velocity (VCL), straight-line velocity (VSL), linearity, amplitude of lateral head displacement (ALH) [41] .
This anomalous behavior has been also confirmed by the retrieved motility parameters. In fact, the VSL measured for cell 1 (green) was about 10 μ/s, i.e., a value lower than those relating to other four cells (VSL mean = 20 μ/s) and describes effectively the inefficient cell movement. Moreover, the "normal" cells (cells 2, 3, 4 and 5) have a reduced oscillation around the average path; in fact, their wobble is pretty uniform around 0.97 and 0.99. On the other hand, this value is sensibly lower for the "abnormal" cell, providing a quantitative description of the wide fluctuation of the spermatozoon head.
Combined approaches
A recent improvement in DH technique was proposed by Coppola's group combining DH with Raman spectroscopy [26] . This combined approach allows to simultaneously study biochemical and morphological characteristics of human sperm cells irradiated with green laser radiation. The scheme of the combined phase imaging interferometer and Raman microscope system is illustrated in Figure 9 . The combined system consists of a holographic set up as described in Section 2 utilizing a red coherent laser source, combined with a Raman microscope where the probe source was a separate diode laser (green source). The same objective lens used for the holographic imaging was also used to focalize the Raman probe on the sample and to collect the backscattered light. The advantage offered by the holographic approach to numerically refocus the object under test is instrumental for the proposed combined approach. Indeed, in order to maximize the Raman signal, the Raman probe (green-laser) has to be focused on the specimen. However, due to chromatic aberration, the holographic image acquired by using the coherent red laser results out of its focal plane. By means of the refocusing algorithm, this problem can be overcome so that the Raman spectra and the holograms can be acquired simultaneously. Figure 10(a) represents the reconstructed amplitude map at the acquisition plane obtained by in a single-shot measurement, out of its focal plane, of the investigated spermatozoon. Then, the amplitude map in Figure 10 (b) was numerically processed by using the refocusing algorithm [26] , providing the focused amplitude map of the propagated object field reported in Figure 10(b) . A pseudo 3D representation of this phase map is reported in Figure 10 (c). Ref. [26] (by permission of IEEE Society).
By using this combined approach, the effect of the green-laser light (Raman probe) by irradiating a specific region of the sperm cell was investigated for an increasing laser power from 4.4 to 50 mW, corresponding to the fluences in the range of 13-165 MJ/cm 2 . The postacrosomal sperm cell region was irradiated for 3 s, and after each exposure, a single hologram and a Raman spectrum were simultaneously acquired. Raman measurements were performed using a green-laser power of 0.5 mW on the sample and an integration time of 20 s (green-light fluence of 10 MJ/cm 2 ); while, the red-light used for holographic measurements was set at 100 mW (red-light fluence of 100 mJ/cm 2 ). For the selected experimental conditions, any possible degradation effect associated with the red-laser light can be neglected [46] . Indeed, no adverse effects on the cells were observed even after hours of irradiation with red-laser light [47] . The biochemical characterization highlighted that the Raman bands related to localized vibration of the DNA bases (700-800 cm decreases in intensity proportionally to the break of the double-helical structure with the fluences increase [48] . More precisely, it was observed that intensity decreases already after 30 MJ/cm 2 when no morphological changes were detected. In the spectral range of 1200-1400 cm −1 , the observed reduction in intensity of the peaks is at 1250 and 1375 cm −1 , already for fluence of 30 MJ/cm 2 was due to possible alterations in the secondary and tertiary conformation of proteins. Finally, all native nucleic acids exhibiting a broad and intense band near 1668 cm −1 , which originates from coupled C=O stretching and N-H deformation modes, are highly sensitive to disruption of Watson-Crick hydrogen bonding [47, 49] . At fluences higher than 150 MJ/cm 2 , the spermatozoon is completely disintegrated [26] . Regarding the simultaneous morphological analysis, Figure 11 shows the phase profile variations associated with the irradiating fluences, along the line SS′ (Figure 11(b) ) and PP′ (Figure 11(c) ), representing two different directions along the spermatozoa structure [26] (by permission of IEEE Society). (Figure 11(a) ). The arrows indicate the regions of the sperm cells where the most relevant morphological variations were observed.
In Figure 11(b) and (c) a progressive reduction in the height, and therefore in the volume, is well visible, suggesting a sort of "photoporation" near the exposed region. At fluences higher than 150 MJ/cm 2 , the sperm cell seemed to swell and an increase of the luminescence background of the Raman signal was observed confirming a local heating of the sample [47] due to the absorption at 532 nm [50] [51] [52] [53] .
Conclusion
In this chapter, an overview of the recent achievements in holography imaging applied to both morphological and motility characterizations of sperm cells has been reported. Results obtained by means of digital holography have demonstrated the possibility to provide 3D information on both the morphology and motility of sperm cells; this information could be used to better emphasize the differences between normal and abnormal sperm morphology. Moreover, the DH approach is a noninvasive technique, allowing the analysis of live spermatozoa, such as 3D tracking of the spatial motion, in order to select normal sperm cells. In particular, the possibility offered by digital holography to add the third dimension in the sperm analysis will give information useful both to relate the sperm anomalies with male infertility and to enable differentiation of the spermatozoa in good health. Finally, DH can be easily combined with other techniques allowing different simultaneous characterization. Indeed, it was demonstrated that a promising optical approach, based on digital holography and Raman spectroscopy technologies can be used for the quality assessment of spermatozoa. Applying this combined approach for analyzing the sperm cells, high-resolution images, and Raman spectra have been obtained, clearly highlighting some morphological and biochemical alterations. In particular, DH and Raman spectroscopy simultaneous approach was used for studying the photodamage induced by visible green light in the spermatozoa structure.
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